Organic-inorganic composites show great potential for organic rechargeable lithium-ion batteries. In this work, two-dimensional phthalocyanine molecules were converted into hybrid nanoparticles with a porous structure and bound to a conductive graphene layer to act as a cathode material. The conductivity of this reduced graphene oxide/Fe-phthalocyanine (rGO/FePc) composite is improved through good interfacial connections and internal polymerization. The FePc spheres were shaped with the assistance of Fe 3 O 4 and immobilized between the layers of reduced graphene oxide (rGO). The electrochemical properties of the organic-inorganic composites were investigated by testing in a lithium-ion cell. A high discharge capacity of 186 mAh g -1 was maintained after 100 cycles at 300 mA g -1 , which demonstrates a significant improvement in the cycle life compared to previous reports of phthalocyanine-based electrochemical energy storage behaviour.
Introduction
Lithium-ion batteries (LIBs) play an important role in the twenty-first century, dominating power sources for electric vehicles as well as portable electronics [1, 2] . The increasing demands of energy density, power density, environmental impact, safety and lifetime provide challenges to traditional inorganic cathode materials. Therefore, organic electrode materials have been the subject of increasing interest resulting in their rapid development [3, 4] . Four types of organic cathode materials for lithium-ion batteries have been predominantly studied. The first materials to be investigated were conjugated carbonyl compounds, and the redox mechanism of these carbonyl functionalities is generally accepted as a reversible enolization reaction [5, 6] . Free radical-derived polymers with defined reversible redox functions can also be applied. These stable organic radicals can be oxidized and reduced with rapid kinetics, indicating a good candidate for electrode materials [7] . However, the performance of redox-active radicals is greatly dependent on the conductivity and electrode structure.
Alternatively, some success has been found with conducting polymers, such as polyaniline and polypyrrole, as discussed by Novák et al. [8] . A series of organosulfur polymers have also been investigated because of the reversible reaction of the S-S bond contained in the organosulfides or thiolates [9] . However, solubility and conductivity are the most critical challenges for using organic electrodes, and they typically have high solubility in aprotic electrolytes commonly used in the LIBs. This solubility in common electrolytes leads to poor cycling stability, and the low conductivity of polymers results in a poor rate capability. Therefore, linking small molecules into groups to form larger structures [10] , integrating solidstate electrolytes [11] and incorporating small molecules into mesoporous pores are some previously successful strategies [12] . Stable organic radicals often need to be immobilized on the polymer backbone [6, 13] or stable inorganic substrates [14] to prevent their dissolution from the electrodes.
One potential electrode material yet to be fully explored is the phthalocyanines (Pc). These are popular organo-metallic compounds with various possible metals present in the centre of the molecule. Phthalocyanines have been extensively studied for application as light sensors, the formation of Langmuir-Blodgett (LB) films [15] , photovoltaic cells [16] and nonlinear optics [17] . Among these previous studies, metal-free phthalocyanine and metallophthalocyanine (MPc) derivatives are known to form a stacked layer structure which can promote intercalation reactions [18] . The p-electron-conjugated systems typically show excellent electrochemical performance in lithium-ion batteries [19, 20] , and the feasibility of Pc molecules was previously demonstrated by Asai et al. [18] . Pc and its derivatives have a phthalocyanine ring that can act as a site for lithium-ion intercalation [21] [22] [23] , making them an ideal candidate for electrode materials. Furthermore, periodic density functional theory (DFT) calculations have been applied to study the mechanism of Li atom intercalation in the FePc molecular crystal and showed intercalation capacities of about 37 Li atoms at a low voltage [21] . However, the poor cycling performance caused by irreversible capacity loss and poor conductivity still exists, although there have been attempts to overcome this, such as carboxyl conjugation and halide (I 2 ) doping [19, 24] . Considering the possible environmental effects of these cathode materials and their post-processing, a more suitable alternative route should be investigated.
One possible route is through the use of graphene, a two-dimensional material, one or a few atomic layers thick, that has unique mechanical properties, a large specific surface area, high electronic conductivity, and thus has been widely applied [25, 26] . Graphene oxide (GO) is a functionalized graphene derivative and has the advantage of being easy to disperse in water and other organic solvents. Various methods can be used to functionalize or reduce GO depending on the desired application [27, 28] .
Both grafting onto the surface of an appropriate insoluble substrate to restrict dissolution and incorporating a conductive additive to form composites with improved conductivity have been identified as efficient approaches to overcome the drawbacks of conductivity and solubility in Li-ion electrodes previously. Thus, taking advantage of the structural diversity of organic chemistry [2, 20] , and using rGO as a charge carrier for the grafting of the organic molecules would contribute to solving these issues. Therefore, in this work we present a strategy to achieve a new type of ordered, stacked structure of phthalocyanine/rGO composites. We present a facile synthesis of rGO-supported Fe-phthalocyanine (FePc) nanoparticles prepared through a facile solvothermal process. The resulting structure exhibits stacking as well as being connected with the rGO to efficiently improve the conductivity of the composites and markedly enhance the cycle stability and capacity.
Methods
Synthesis of rGO/FePc composites GO was prepared following the improved Hummer's method detailed elsewhere [29] . 4, 4 0 -bis(3,4-dicyanophenoxy)biphenyl (Bph) was synthesized following a procedure as outlined previously [30] . Synthesis of the reduced graphene oxide/Fe 3 O 4 /Fephthalocyanine hybrid material (rGO/Fe 3 O 4 /FePc) was carried out via a one-step solvothermal method. Briefly, 0.12 g of GO was dispersed into 200 ml of ethylene glycol (EG) with ultrasonication at 80°C for 3 h. Then, 2.0 g urea, 1.26 g FeCl 3 Á6 H 2 O and 0.348 g Bph were added into the solution with vigorous stirring at 60°C for another 2 h. The brownish yellow mixture was sealed in a Teflon-lined stainless-steel autoclave and maintained at 200°C for 24 h. The black products were obtained by magnetic separation, washed several times with ethanol and deionized water and finally dried at 70°C.
Following this, heat treatment was carried out under a nitrogen atmosphere to promote the polymerization of FePc [31] using the following regime: 4 h at 250°C, followed by 4 h at 280°C, then 4 h at 300°C, 4 h at 325°C, 4 h at 350°C, and finally 8 h at 375°C. The ramp rate between each step was 1°C/ min. Then, the products were put into a HCl solution (10 wt%) and left for 2 days. The rGO/FePc composite was finally obtained after filtration and rinsed with distilled water several times. As a control, FePc, rGO/FePc1 and rGO/FePc2 were prepared using the same solvothermal method and heat treatment procedure but with different ratios of GO (0, 0.12 and 0.15 g, separately).
Characterization
The synthesized products were characterized by scanning electron microscopy (SEM) (JSM, 6490LV), transmission electron microscopy (TEM) (Hitachi, H600) and X-ray diffraction (XRD) (Rigaku RINT 2400 using CuKa radiation). FT-IR spectra (KBr pellets) were recorded on a Thermo Nicolet 6700 FT-IR spectrometer. The specific surface area was measured using the Brunauer-Emmett-Teller (BET) method [Micromeritics analyzer ASAP 2020 (USA)] at 77 K. Thermogravimetric analysis (TGA) was carried out under nitrogen atmosphere at a heating rate of 20°C/min using a TA Q50 series analyser system.
Electrochemical measurement
Lithium-ion electrochemical cells were assembled in an Ar-filled glove box. Electrode materials, carbon black and polyvinylidene fluoride (PVDF) with a weight ratio of 8:1:1 were adequately mixed with Nmethylpyrrolidone (NMP) to form a paste and coated onto a copper foil current collector to form a homogeneous film. After drying at 70°C for 6 h in a vacuum oven, the coated foil was compressed to obtain round electrodes. Lithium metal foil was used as the counter electrodes and a microporous polypropylene membrane served as the separator. The electrolyte consisted of 1 M LiPF 6 in ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) (1:1:1 by volume). Prior to electrochemical measurements, the assembled cells were aged for more than 12 h. Galvanostatical charge-discharge tests were performed with a multichannel battery tester (LANHE CT2001A). All cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were performed on a CHI 660D workstation.
Results and discussion Figure 1 shows the schematic illustration of the synthesis process for the rGO-FePc nanocomposites. FePc molecules and Fe 3 O 4 nanograins were produced first. The large number of small Fe 3 O 4 nanograins that nucleate due to the high surface energy has a strong tendency to aggregate rapidly. The absorption of Fe-phthalocyanine onto the surfaces of Fe 3 O 4 nuclei can reduce the interfacial tension between the crystallizing phase and the surrounding solution, but it is not sufficient to prevent the assembly process from forming large secondary structural microparticles [32, 33] . The Fe 3 O 4 /FePc nanoparticles grow to a critical size on the rGO surface, forming stacks between the layers, yielding the rGO/Fe 3 O 4 /FePc composites. During the solvothermal process, ethylene glycol (EG) acts both as a high boiling point solvent and as a reducing agent with the urea in the system [34, 35] . Then, a heat treatment process was carried out followed by acid treatment (10% HCl) to remove the Fe 3 O 4 , and finally we obtain the rGO/ FePc composites. Figure S1 shows further details of the formation mechanism of the FePc molecular and polymerized network.
FT-IR spectroscopy was used to obtain structural information regarding the synthesized composite material. The FT-IR spectra of FePc and rGO-FePc1 are both shown in Fig. 2 . First, the absence of an absorption peak between 3200 and 3500 cm -1 (O-H stretching band) suggests that the GO has been well reduced to form rGO, and this conclusion has also been verified by XRD analysis (Fig. S2) . Secondly, the cyano absorption peak for rGO-FePc1 around 2347 cm -1 has almost disappeared compared to that from the FePc, indicating that the curing polymerization process of Fe-phthalocyanine monomer during heat treatment has occurred successfully. This indicates that the FePc monomers have cross-linked with each other, and the terminal cyano group have disappeared. Thirdly, the intense peak around 1610 cm -1 was attributed to aromatic C=C, the peak around 1253 cm -1 was related to the aromatic ether group, and the peaks at 832, 782 and 729 cm -1 were assigned to benzene rings. Finally, new peaks at 1010 and 1360 cm -1 were assigned to the N-H stretching and bending vibrations, which indicated the formation of the phthalocyanine ring and triazine ring during the polymerization of the cyano groups [36] .
Further structural information can be obtained through the use of electron microscopy. Figure 3a shows a typical SEM image of the Fe 3 O 4/ FePc structure after an Au-coating was applied to prepare the sample for better imaging [31] . The image shows FePc2 products, respectively. An rGO sheet is visible in the centre of the image, with particles or agglomerates covering its extent. The low-contrast region around these flakes is the substrate. The size of the produced nanospheres ranged from 100 to 300 nm, and the crystallization time could influence this. There were no apparent structural changes caused by the varied ratios of GO. A magnified view (Fig. 3d ) of rGO/FePc1 further revealed more details about the assembled structure. The hybrid spheres kept their original structure even after acid treatment. The rGO flakes exhibit a wrinkled surface coated with the FePc nanospheres. It is possible that the oxygen groups on the rGO surface can act as nucleation centres, interacting with positive Fe 3? ions by electrostatic attraction during the solvothermal procedure [37] . The high specific surface area is also beneficial to further immobilize targeted molecules. Figure 3e -f shows representative TEM images of the rGO/FePc1 hybrid composite. The TEM images show circles of dark contrast that are the nanospheres, uniformly distributed over a sheet of much lighter contrast, which is most likely the rGO sheets. They have an average size of 150 nm (Fig. S4) . The wrinkles make the transparent rGO sheets easier to distinguish from the background, as shown in Fig. 3f . Higher-magnification images illustrate the porous structure of the FePc particles. Comparing the XRD pattern of the rGO, FePc, rGO/Fe 3 O 4 /FePc1 and rGO/FePc1, no apparent peaks of Fe 3 O 4 are displayed in the XRD of rGO/FePc1 (Fig. S2) , suggesting that this has been predominantly removed. In addition, the wide peak of the FePc at about 20 suggests an amorphous structure and caused a shift relative to the rGO/FePc1 composites at about 26 compared with the peak of rGO. The pore size of the rGO/FePc1 composites (Fig. S3) varied from 3 to 5 nm, which matches well with the size of the Fe 3 O 4 initial nanograins and further verified the synthesis mechanism we speculated above in Fig. 1 .
The unique structure of the FePc nanospheres may yield good electrochemical performance, and thus, the electrochemical properties of FePc and rGO/ FePc1 composites were investigated by cyclic voltammetry and galvanostatic measurements. Figure 4a shows the cycle stability of the constructed cells at a current density of 300 mAÁg -1 . The firstcycle discharge capacity of the rGO/FePc1 was about 162 mAh g -1 , while the subsequent discharge capacity was 195 mAh g -1 . After 100 cycles, the capacity of 186 mAh g -1 was retained and the Coulombic efficiency is up to 98%. In contrast, we also found that there was a big gap between the theoretical capacity [21] and the actual capacity of the FePc sample we synthesized. The first-cycle discharge capacity was 64 mAh g -1 , and only 13 mAh g -1 was retained after two cycles. This is mainly caused by the poor conductivity of the untreated FePc (Fig. 4c) . When supported by graphene, an obvious improvement in the conductivity was observed, and this was also contributed to the higher capacity. The initial discharge capacity of rGO/FePc composites electrode increased from 195 to 243 mAh g -1 with increasing rGO mass in the rGO/FePc2 composites, but only 159 mAh g -1 was retained after 53 cycles. These results show that the rGO/FePc1 electrode exhibits favourable cycling stability.
To investigate the rate capability of the rGO/FePc1 composites, galvanostatic testing was performed at a variety of current densities; the discharge capacity is shown in Fig. 4b . The current densities range from 50, 100, 300, to 500 mAÁg -1 , while the discharge capacity decreased from 441, 341, 190, to 147 mAh g -1
.
There is little variability within each current density stage, which suggests the structure remains stable throughout the testing.
Further details about the electrochemical performance were tested using cyclic voltammetry (CV) and impedance spectroscopy. Figure 4c shows the first three cycles of CV curves of the lithium-ion batteries at room temperature, cycled between 0 and 3 V at 0.2 mV s -1 . The first cycle usually involves the solid electrolyte interphase (SEI) layer formation and other irreversible side reactions. But from the second cycle onwards, no obvious change was observed compared to the third cycle, which are in agreement with the charge-discharge cycle performance.
However, there were no obvious corresponding delithiation peaks. This likely corresponds to changes in the microstructure; on the one hand, the reduced particle size shortens the path of Li ? transfer; on the other hand, small-sized particles have a large specific surface area and therefore a high surface energy, so the interaction between atoms weakens and the site energy related to Li ? insertion increases. This causes the energy difference to decrease simultaneously, so the potential plateau declines and disappears gradually.
The obvious higher specific capacity of the first cycle and gradually decreasing capacity of the first several cycles can be explained by the formation of the solid electrolyte interphase (SEI) layer, and other unwanted side reactions such as impurity dissolution. The occurrence of irreversible side reactions is typically observed in lithium-ion batteries [38] . The electrochemical impedance spectra (EIS) data of the devices produced were measured after the 100th cycle, and the corresponding Nyquist plot is shown in Fig. 4d [39-41] . The spectrum has a broad semicircle at high frequencies and a straight line at low frequencies: with the diameter of the semicircle corresponding to the charge-transfer resistance (R ct ). Figure S5 shows the equivalent circuit model of the rGO/FePc composite-based cell simulated by ZSimpWin. Moreover, considering the error for each simulated electrical element in the suggested model and suitability for the interfaces, the model of R(Q(RW))(QR) is suitable for the composites, while R(Q(RW))(CR) is better for the FePc electrode. The impedance data can be well fitted with the equivalent circuit to estimate the various resistances: R s (the electrolyte solution resistances), R SEI (SEI J Mater Sci (2018) 53:9170-9179 resistance), R ct (charge-transfer resistance across the electrode-electrolyte interface) and W (Warburg impedance due to ion diffusion into the active materials) [42] . Q1 and Q2 are constant-phase elements representing the electronic double-layer capacitance of the electrode-electrolyte interface and the diffusion capacitance for Li-ion diffusion in the SEI film. The values for the different resistances obtained from fitting are listed in Fig. S5 . The total resistance of the rGO/FePc electrodes (the sum of R SEI and R ct , 251.7 and 103.25 X, separately) is much smaller when compared with the FePc electrode (727.6 X) and that may also explain the poor capacity of FePc in Fig. 4a . Furthermore, with the increased ratio of rGO, a lower resistance was achieved compared to the rGO/FePc2 electrode. The rGO/FePc2 sample exhibits a lower electrical resistance, determined from the impedance spectroscopy, but has a poorer cycling stability than the other samples tested. This decrease in cycling stability is attributed to the aggregation of FePc in the rGO/FePc2 sample which prevents adequate electrical contact between the rGO and the FePc and which subsequently leads to the gradual degradation and collapse of the electrode material caused by the volume expansion during the charge/discharge process.
To obtain more details about the optimized samples of rGO/FePc1, TGA was performed in a nitrogen atmosphere to calculate the real mass ratio of rGO in the rGO/FePc1 composites, but we were surprised to found that composites achieved a higher thermal stability than any components. An excellent thermal stability of rGO/FePc1 was shown (Fig. S6 ) up to about 400°C (the pyrolysis temperature of the MPc was higher than 500°C) and that may also be one important reason for its high cycle performance. The evidence above suggests that the conductivity of the rGO/FePc composite has been effectively improved. Here we chose Bph as the precursor and the FePc monomers are polymerized during the heat treatment. This leads to improved conductivity of the interlayered MPc spheres. Further to this, the MPc spheres were immobilized on the rGO layer and formed a well-connected conductive network. This has advantages over the method of I 2 doping that is traditionally used to improve the conductivity by shortening the intermolecular distance between the MPc rings and by narrowing the energy gap.
Relatively few literature examples have concentrated on applying phthalocyanine molecules for cathode materials. Despite the mechanism having been discussed by Yamaki [23, 39, 43] in the 1980s, further elucidation is required. Table 1 lists the performance of various phthalocyanine derivatives in lithium-ion electrodes reported previously in the literature as well as the values achieved here in this work. Considering the complex molecular structure and indissoluble property, most works were confined to physical blends. The synthesis procedure presented here allows for the production of a highly stable, and high capacity, electrode material compared to previous examples.
Conclusion
A new structure of rGO/FePc composites was synthesized using a facile solvothermal method. The selfassembled FePc nanospheres form a layer of active lithium intercalation sites while being bound to the graphene surface, which provides a conductive network. After the heat treatment and etching procedure, cross-linked FePc maintains its structure, becoming porous and well connected. The electrochemical performance of the composites was studied as a cathode material in Li-ion cells. They exhibited significantly improved cycle life and high capacity retention (* 186 mAh g -1 at 300 mA g -1 after 100 cycles). This shows significant improvements over previously demonstrated works that were tested at a lower current density and with fewer cycles because of poor conductivity and solubility.
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